Localized disassembly of cortical F-actin has long been considered necessary for facilitation of exocytosis. Exposure of permeabilized mast cells to calcium/ATP induces cortical F-actin disassembly (calmodulindependent) and secretion (calmodulin-independent). The delay in the onset of secretion is characteristic for the calcium/ATP response and is abolished by GTP. Here we report that a constitutively active mutant of Rho (V14RhoA) enhanced both secretion and cortical F-actin disassembly. In addition, V14RhoA mimicked GTP by abolishing the delay in secretion. Inhibition of Rho by C3 transferase prevented both secretion (ϳ80%) and Factin disassembly (ϳ20%). Thus, both Rho GTPase and calcium/calmodulin contribute to the control of cortical F-actin disassembly. The plasma membrane of eukaryotic cells is supported by an actin cortex, a network of actin filaments organized and regulated by a variety of actin-binding proteins. Changes in the rigidity of the cortical actin network constitute an important component of the cellular response to receptor activation and require localized disassembly of cortical actin filaments. Signals from cell surface receptors to the cytoskeleton are often mediated by small GTP-binding proteins of the Rho family, e.g.
The plasma membrane of eukaryotic cells is supported by an actin cortex, a network of actin filaments organized and regulated by a variety of actin-binding proteins. Changes in the rigidity of the cortical actin network constitute an important component of the cellular response to receptor activation and require localized disassembly of cortical actin filaments. Signals from cell surface receptors to the cytoskeleton are often mediated by small GTP-binding proteins of the Rho family, e.g. RhoA, -B, -C, -D, -E, and -G; Rac1 and -2; Cdc42; and TC10. Several targets for the members of this family have been identified, including a number of serine threonine kinases (PKN, Rho kinase, p65 PAK ) and tyrosine kinases (p120 ACK , MLK3). In addition to cell morphology, Rho GTPases control many other functions such as neuronal development, cell cycle, and gene transcription (1) (2) (3) . New evidence indicates participation of Rho GTPases in the regulation of exocytosis, endocytosis, and vesicular transport in general (4 -9) . To what extent this is accomplished via regulation of actin is still unclear. Cortical actin disassembly is particularly important for secreting cells; cortical filaments have long been considered to act as a barrier preventing the access of secretory granules to the plasma membrane (10) . Mast cells serve as a useful model for investigating the relationship between cytoskeletal rearrangements and exocytosis (11) . Use of permeabilized cells allows control of the internal environment and thus investigation of specific effects induced by ions, nucleotides, or proteins. Such studies have established that calcium and GTP, acting in synergy, induce high levels of secretion (12) . With respect to the cytoskeletal effects, GTP␥S, 1 a nonhydrolyzable analogue of GTP, was found to induce a selective loss and increase of F-actin in the cell cortex and interior, respectively. The former effect is not significantly inhibited by a Rho-specific inhibitor, C3 transferase, while the latter is entirely dependent on the activity of Rho (13) . Secretion induced by calcium alone (i.e. in the absence of added GTP/GTP␥S) is associated only with a profound loss of the cortical F-actin (14) . Thus, cortical F-actin disassembly is induced by both calcium-dependent and -independent pathways.
In this paper, we have focused on the calcium-dependent responses of permeabilized mast cells. Calcium-induced cortical F-actin disassembly requires calmodulin; it is promoted by the addition of exogenous calmodulin and strongly inhibited by depletion of the endogenous calmodulin. None of these effects, however, are accompanied by changes in the secretory responses. The main target for calmodulin is myosin light chain kinase; its inhibitor, ML-7, prevents cortical disassembly, again without effects on secretion. 2 Thus, myosin II-based contractility, activated by calcium-calmodulin, may be a prerequisite for cortical F-actin disassembly.
Calcium-induced secretion is greatly enhanced by constitutively active mutants of Rho-related GTPases, V14RhoA and V12Rac1, and inhibited by a specific Rho inhibitor, C3 transferase (4). It is relatively resistant to inhibition of Rac by a dominant-inhibitory Rac protein, N17Rac1 (4). Here, we have examined the role of Rho in calcium-dependent secretion in relation to its cytoskeletal effects. Rho was found to regulate both secretion and cortical F-actin disassembly in a manner that is synergistic with and/or dependent on calcium but is calmodulin-independent. The latter function of Rho is additional to and distinct from the Rho-induced de novo actin po-lymerization (which is calcium-independent). Stabilization of actin filaments by high concentration of phalloidin prevented neither secretion nor the secretion-enhancing effects of Rho, supporting the model for divergent regulation of actin and exocytosis by this GTPase. This model is further supported by a finding that compound Y-27632, a specific inhibitor of Rhoassociated protein kinase, p160
ROCK , attenuated the loss of cortical F-actin without affecting secretion.
EXPERIMENTAL PROCEDURES
GTP␥S and ATP were obtained from Roche Molecular Biochemicals. Streptolysin-O was from Murex Diagnostics (Dartford, UK). Glass "Multitest" slides (6-mm diameter wells) were from ICN Biomedicals (Aurora, OH). Compound Y-27632 was a generous gift from Yoshitomi Pharmaceutical Industries, Ltd. All other reagents were obtained from Sigma.
Proteins
Escherichia coli transfected with expression vectors containing GSTV14RhoA DNA, GST-V12Rac1 DNA or GST-C3 transferase DNA were kindly provided by Dr. Anne Ridley, and the glutathione S-transferase fusion proteins were prepared and cleaved as described (15) 
Cells
Rat peritoneal mast cells were prepared as described previously (18) . The cells were resuspended in a solution containing 137 mM NaCl, 2.7 mM KCl, 1.0 mM CaCl 2 , 2 mM MgCl 2 , 5.6 mM glucose, 1 mg ml Ϫ1 bovine serum albumin, and 20 mM NaPIPES, pH 7.2 (chloride buffer). For confocal microscopy, cells in chloride buffer were allowed to attach to glass slides for 1 h at room temperature (ϳ25,000 cells/well). Suspended cells were used for flow cytometry and for hexosaminidase assays.
Suspended cells (usually 1-2 ϫ 10 6 cells/ml) were permeabilized for 2 min at 30°C in a buffer containing 137 mM sodium glutamate, 2 mM MgCl 2 , 1 mg/ml bovine serum albumin, 20 mM NaPIPES, pH 6.8 (glutamate buffer (GB)) in the presence of 3 mM EGTA (GB-EGTA) and streptolysin-O (0.4 units/ml). To permeabilize glass-attached cells, the cells were washed with GB and then exposed for 8 min at room temperature to streptolysin-O at 0.4 units/ml in GB-EGTA. After permeabilization, both suspended and attached cells were washed free of soluble components and excess streptolysin-O with GB-EGTA. Cells were stimulated by the addition of the indicated combinations of calcium, EGTA, ATP, and GTP␥S. Free Ca 2ϩ concentration was buffered by 3 mM Ca 2ϩ EGTA buffer system, pH 6.8, with appropriate dissociation constants as given in Ref. 19 . Control cells were exposed to 3 mM EGTA, 3 mM ATP in GB. Hexosaminidase release from at least duplicate samples was assayed as described previously (18) .
Where indicated, attached or suspended rat peritoneal mast cells were permeabilized as above and pretreated with the specified agents (phalloidin, C3 together with NAD ϩ , or V14RhoA in the GTP-bound form). While V14RhoA was left with the cells throughout the experiment, C3 together with 0.5 mM NAD ϩ was removed just prior to the addition of triggers.
Flow Cytometry
Identification of Secreting Cells-Intact cells, suspended in chloride buffer, were treated with unconjugated succinyl-concanavalin A (100 g/ml for 10 min at room temperature) to reduce the background staining. Cells were then washed, permeabilized as above, and exposed to 3 mM EGTA (control) or to the triggers (20 min at 30°C). The incubation was stopped by the addition of cold GB, and the cells were pelletted by centrifugation (5 min at 1500 ϫ g), resuspended in GB-EGTA containing fluorescein isothiocyanate-succinyl-concanavalin A (64 g/ml). After 20 min on ice, the stain was washed off (twice with GB-EGTA), and the cells were finally resuspended (approximately 5 ϫ 10 5 ml
Ϫ1
) in GB-EGTA containing 0.5% formaldehyde (without any bovine serum albumin) and analyzed on an EPICS Elite flow cytometer (Coulter Electronics Inc., Hialeah, FL), equipped with an argon ion laser. Excitation was at 488 nm, and emission was at 525 nm. Forward angle (1.5-19°) and 90°light scatter and relative fluorescence intensity readings were collected. Freehand "gates" were drawn around subpopulations on two-parameter light scatter distributions using the Elite software, and the relative fluorescence intensity of cells falling within these gates was plotted on one parameter histograms.
Staining with Rhodamine Phalloidin-Staining with rhodamine phalloidin (RP) was performed either before (prelabeling) or after (postlabeling) cell activation.
Prelabeling-Where indicated, suspended mast cells were permeabilized and prelabeled with 0.1 M RP in GB-EGTA (10 min on ice). Cells were then washed with GB and exposed to various triggering solutions for 20 min at 30°C, quenched with cold GB, fixed, and analyzed as above.
Postlabeling-This was performed after the triggering and the quenching of the cells but before their fixation: 0.5 M RP in GB-EGTA, 20 min on ice.
Actin Filament Stabilization-In some experiments (see Fig. 5B ), cells were pretreated with 2 M unlabeled phalloidin in order to stabilize actin filaments, and this was followed by postlabeling with 0.5 M RP. After staining, cells were washed with GB-EGTA, resuspended (approximately 5 ϫ 10 5 ml
) in GB-EGTA containing 0.5% formaldehyde (without any bovine serum albumin), and analyzed on an EPICS Elite flow cytometer (Coulter Electronics), equipped with an argon ion laser. Excitation was at 488 nm, and emission was at 575 nm. Fluorescence intensity of control cells (exposed to EGTA/ATP) was taken as 100%. Means obtained from triplicate samples, each containing at least 10,000 cells, are shown.
Confocal Microscopy and Image Analysis
Fluorescent images were obtained using a Leica confocal laser-scanning microscope attached to a Leitz Fluovert-FU microscope. Excitation was at 514 nm, and emission was collected with a Ͼ600-nm barrier filter. Digital images (equatorial optical slices) were displayed using the Leica "glowovun" look-up table. Each experiment (in duplicates or triplicates) was repeated, and the results were reproduced at least three times.
A quantitative estimate of F-actin distribution changes was obtained by radial line scan analysis of the images of the equatorial slices (13) . Three radial scan lines were obtained per cell, each extending from the exterior to the center of the cell. To obtain the distribution plots, as displayed in Fig. 4 , A and B, the lines obtained for each set of experimental conditions were averaged to form a mean profile Ϯ S.E. (n Ͼ 50; the statistic is appropriate for the cell number and not the number of lines). For Fig. 4C , integration of areas under the traces from regions designated as cortical and internal (pixels 1-10 and 11-35, respectively, representing 0 -2.45 and 2.45-8.575 m from the cell edge) produced data that were then expressed in the form of a bar chart. Changes in the cortical and internal regions were calculated as percentages of the total F-actin content in both regions from appropriate control cells (the sum of intensities of pixels 1-35 for EGTA-treated cells). Thus, relative changes in distribution of F-actin induced by calcium/ATP and/or V14RhoA could be evaluated.
Statistics
All figures shown are representative of at least three separate experiments (levels of secretion vary greatly between individual experiments, but the effects are reproducible). Where error bars are included, these are S.E. Where indicated, data were analyzed by unpaired, onetailed Student's t tests using Instat ® software. p values of Ͻ0.05 were taken as significant and those of Ͻ0.002 as extremely significant.
RESULTS
After permeabilization, mast cells lose up to 70% of their total actin. The remaining F-actin is present mostly in the cell periphery, as a prominent subplasmalemmal network. Exposure of such permeabilized cells to calcium (pCa Ͻ 6) and ATP ([ATP] Ͼ 1 mM), induces a reduction of the cortical F-actin by 30 -50%. Not all of the cells exposed to calcium/ATP are capable of the secretory response; two separate cell populations could be distinguished by flow cytometry (using light scatter charac-teristics and/or fluorescein isothiocyanate-succinyl-concanavalin A staining). Analysis of the cytoskeletal responses of these two populations revealed that the F-actin content of cells exposed to Ca/ATP is reduced in both secreting and nonsecreting cells (as reflected by the rhodamine-phalloidin fluorescence, not shown). Thus, F-actin loss occurs in both populations and is not sufficient to induce secretion. Calmodulin plays a crucial role in the calcium-induced loss of cortical F-actin; the latter is promoted by the addition of exogenous calmodulin and strongly inhibited by depletion of the endogenous calmodulin. None of these effects, however, are accompanied by any changes in the secretory responses, indicating that calmodulin is not required for the late steps in exocytosis. 2 The proportion of secreting cells is enhanced by the addition of constitutively active mutants of both Rho (V14RhoA) and Rac (V12Rac1) and inhibited by a Rho inhibitor, C3 transferase (4). The dominant inhibitory Rac protein, N17Rac1 does not have any significant effects on calcium-induced secretion (4). This paper investigates whether the Rho-induced enhancement of secretion is associated with any changes in the cytoskeletal responses.
Synergistic Effects of Calcium and Rho on Secretion-Synergistic effects of calcium and GTP/GTP␥S on secretion from streptolysin-O-permeabilized rat peritoneal mast cells are well established (12) . To investigate whether Rho mimics GTP␥S in this synergy, we have studied the effects of a constitutively active mutant of Rho, V14RhoA, and of a Rho inhibitor, C3 transferase, on the time course of and calcium requirements for secretion from suspended permeabilized cells. Fig. 1A shows that similarly to the effects of GTP␥S, V14RhoA eliminated the delay in the onset of secretion, characteristic for the secretory response of permeabilized mast cells to calcium (20) . The extent of hexosaminidase release was also enhanced by both GTP␥S and V14RhoA. C3, on the other hand, was inhibitory. GTP␥S reduces calcium requirements of permeabilized mast cells for secretion, and again, similar effects were observed after the addition of V14RhoA (Fig. 1B) . In contrast to GTP␥S, V14RhoA was unable to induce secretion in the absence of calcium.
Effects of Inhibiting Calmodulin and Rho-To test whether the effects of exogenous calmodulin require or are affected by the activity of Rho, we have pretreated permeabilized mast cells with C3 transferase prior to the addition of the exogenous calmodulin. The results are shown in Fig. 2 . The C3 pretreatment inhibited both F-actin disassembly ( Fig. 2A) and secretion (Fig. 2B) . The sensitivity of the secretory response to C3 was, however, much greater than that of the cytoskeletal response. Relative to the responses of control cells, C3 (at 1 g/ml) caused 20 Ϯ 3% inhibition of F-actin disassembly and 83 Ϯ 5% inhibition of secretion (n ϭ 9). On the other hand, exogenous calmodulin (at 12 M, a concentration that approximates its cytosolic level) had a marked effect on F-actin ( Fig.  2A) without affecting secretion (Fig. 2B) . Calcium/calmodulininduced F-actin disassembly was still inhibited by C3, a small but a significant effect (Fig. 2A) .
To test whether the Rho-induced enhancement of both calciumdependent secretion and F-actin disassembly require the presence of calmodulin, we have used permeabilized cells depleted of this protein. Cells were pretreated with a calmodulin-inhibitory peptide (MLCKP), a specific 17-residue peptide based on the calmodulin-binding domain of myosin light chain kinase (17) . Such treatment depletes most of the endogenous calmodulin from the permeabilized cells. 2 Responses of these calmodulin-depleted cells to calcium/ATP are shown in Fig. 2, C and D. MLCKP treatment prevented F-actin disassembly (Fig. 2C) but not secretion (Fig. 2D) . Calmodulin-depleted cells were still responsive to the addition of V14RhoA (8 g/ml); in both control and MLCKP-treated cells, V14RhoA enhanced calcium-induced secretion (Fig. 2D ) as well as F-actin loss (Fig. 2C) . V14RhoA-induced enhancement of F-actin disassembly was, however, much smaller than that induced by calmodulin (compare Fig. 2, compare A and C) .
Synergistic Effects of Calcium and Rho on Cortical F-actin Disassembly-Previous studies of mast cells exposed to GTP␥S/ EGTA did not reveal any involvement of Rho in regulation of cortical F-actin disassembly. Calcium-independent (i.e. GTP␥S/ EGTA-induced) cortical F-actin disassembly was neither inhibited by C3 transferase nor stimulated by V14RhoA (13) . The above data suggest that Rho may control cortical filaments in a calcium-dependent manner. To further examine the effects of Rho on F-actin morphology, we have used confocal microscopy. Fig. 3 shows confocal micrographs of glass-attached permeabilized cells stained with RP after their exposure to EGTA or calcium (postlabeled). Fig. 4, A and B, show line scan analyses of such images. Control cells (exposed to EGTA) exhibit prominent cortical F-actin (Fig. 3A) . Figs. 3B and 4B show the reduction of the cortical F-actin in cells exposed to calcium; the effect of C3 transferase (inhibition of this loss of F-actin) is shown in Fig. 3D . In the absence of calcium, V14RhoA induced de novo actin polymerization in the cell interior and only a very small reduction in the cortical F-actin (Figs. 3E and 4A ). In the presence of calcium, however, Rho enhanced cortical disassembly in addition to its effect on actin polymerization in the cell interior. This is shown in Figs. 3F and 4B . Fig. 4C shows a quantitative evaluation of the V14RhoA-induced changes in distribution of F-actin, expressed in the form of a bar chart. Relative changes in the levels of F-actin in the cortical (full bars) and the interior (hollow bars) regions are expressed as percentages of the total F-actin content in both regions of the control cells. The effects of V14RhoA on cortical F-actin disassembly are thus synergistic with or dependent upon calcium, while those on actin polymerization are calcium-independent.
Synergistic effects of V14RhoA and calcium on cortical Factin disassembly were confirmed by experiments with suspended cells, using flow cytometry (Fig. 5A ). For this experiment, cells were prelabeled with a low concentration of RP (0.1 M) to determine the F-actin loss. This protocol does not interfere with the cytoskeletal responses of activated cells and avoids detection of any new filaments polymerized after cell activation (13) . The addition of V14RhoA to permeabilized mast cells prior to and during their exposure to Ca/ATP significantly enhanced the extent of cortical F-actin disassembly (left) as well as that of secretion (right). On the other hand, V14RhoA caused neither disassembly nor secretion in the absence of calcium (i.e. in 3 mM EGTA, not shown).
Stabilization of Cortical F-actin by Phalloidin Does Not Prevent Secretion-enhancing Effects of Rho-Experiments
with permeabilized mast cells, pretreated with increasing concentrations of unlabeled phalloidin, have shown that calciuminduced cortical actin disassembly is prevented at concentrations of phalloidin Ͼ1.5 M. Secretion, however, was unaffected by these higher concentrations of phalloidin (not shown). We have used a similar protocol to investigate whether the secretion-enhancing effects of V14Rho are dependent on its disassembly-enhancing effects (Fig. 5B ). Cells were pretreated with 2 M (unlabeled) phalloidin to stabilize the filaments and to prevent calcium-induced disassembly. After the exposure to calcium, cells were stained with RP to reveal any newly polymerized filaments. It is clear that F-actin cortex stabilization did not affect the ability of V14RhoA to enhance secretion (Fig.  5B, right) . The increase in F-actin content, apparent after the addition of V14RhoA, is the result of V14RhoA-induced de novo polymerization of actin (left).
p160 ROCK Inhibitor Attenuates Rho-induced Enhancement of Cortical F-actin Disassembly-One of the downstream targets of Rho is a Rho-associated protein kinase, p160
ROCK . This enzyme was found to phosphorylate and so inactivate the myosin-binding subunit of myosin light chain phosphatase, leading to an increase in the level of phosphorylated myosin II light chain (MLC) (21) . To test whether cortical F-actin disassembly is regulated by Rho as a result of Rho controlling actomyosinbased contractility, we have used compound Y-27632, a specific p160 ROCK inhibitor (22) . Fig. 6A shows that Y-27632 had no effect on calcium-induced secretion and did not prevent its enhancement by V14RhoA. On the other hand, the Y compound   FIG. 2. A and B , the effects of calmodulin are apparent in the presence of C3, a Rho inhibitor. Permeabilized mast cells in suspension were incubated with or without C3 (1 g/ml) plus 0.5 mM NAD ϩ (5 min on ice). Cells were further preincubated with or without calmodulin (12 M, 5 min on ice) and subsequently exposed to 3 mM EGTA plus 3 mM ATP or to calcium (pCa5) plus 3 mM ATP. After 20 min at 30°C, aliquots were taken for hexosaminidase release (B), and cells were stained (postlabeled) with 0.5 M RP, fixed, and analyzed by flow cytometry for relative F-actin content (A). *, p ϭ 0.05; **, p ϭ 0.005, both significant. C and D, the effects of Rho are apparent in the presence of MLCKP, a calmodulin inhibitor. Permeabilized mast cells in suspension were preincubated (5 min on ice) with calcium (pCa 6.5) and MLCKP (10 M). Control cells were treated with the control peptide (see "Experimental Procedures"). Cells were further preincubated with or without V14RhoA (8 g/ml final concentration, 5 min at room temperature) and then exposed to 3 mM EGTA plus 3 mM ATP or to calcium (pCa 5) plus 3 mM ATP. After 20 min at 30°C, secretion (D) and F-actin content (C) were analyzed as above. #, p ϭ 0.002, extremely significant.
FIG. 3. Effects of C3 and V14RhoA on F-actin morphology.
Glass-attached mast cells were permeabilized and pretreated for 5 min on ice with control buffer (A and B), 1 g/ml C3 plus 0.5 mM NAD ϩ (C and D), or with V14RhoA (8 g/ml) (E and F). Cells were then stimulated with 3 mM EGTA plus 3 mM ATP (A, C, and E) or calcium (pCa 5) plus 3 mM ATP (B, D, and F) for 20 min at 30°C, fixed, and stained (postlabeled) with 0.5 M rhodamine phalloidin to visualize F-actin. Bar, 20 m.
had a marginal inhibitory effect on the calcium-induced cortical F-actin disassembly and caused a significant reduction of its V14RhoA-induced enhancement (Fig. 6B) . Compound Y-27632 had no effects on de novo actin polymerization (not shown).
DISCUSSION
Calcium-independent Effects of Rho: De Novo Actin Polymerization-In the absence of calcium, GTP␥S induces low levels of secretion that can be partially inhibited by a Rho inhibitor, C3 transferase, and only slightly stimulated by the addition of the constitutively active mutant of Rho, V14RhoA (4). The addition of V14RhoA/EGTA to permeabilized mast cells does not, however, induce secretion (Fig. 1) , indicating that in the absence of calcium, activation of Rho is not a sufficient trigger .   FIG. 4. Changes in the F-actin distribution induced by V14RhoA in attached permeabilized mast cells. A and B , glass-attached mast cells were permeabilized, pretreated with (f) or without (q and OE) V14RhoA as described for Fig. 3 , E and F. Cells were then exposed to 3 mM EGTA plus 3 mM ATP (EA) or to calcium (pCa 5) plus 3 mM ATP (CA) as indicated. Densitometric line scan analyses were performed on confocal images (equatorial slices) of the RP-stained cells (postlabeled). Pixel distance is 0.245 M. The intensity profiles of these lines were pooled to form a mean profile Ϯ S.E. n ϭ 50 cells. C, relative changes in distribution of F-actin induced by V14RhoA. Changes in the levels of F-actin in the cortical (solid bars) and the interior (open bars) regions expressed as percentages of the total F-actin content in both regions from control cells.
FIG. 5.
A, Rho enhances calcium-induced cortical F-actin disassembly and secretion. Permeabilized mast cells were suspended in GB and prelabeled for 5 min on ice with 0.1 M RP, followed by a further pretreatment with or without V14RhoA (8 g/ml). Cells were then exposed to 3 mM EGTA plus 3 mM ATP (open bars) or to calcium (pCa 5) plus 3 mM ATP (solid bars) and incubated for 20 min at 30°C. Relative F-actin content was determined by flow cytometry (left panel), and secretion was determined by hexosaminidase assay (right panel). B, Rho induces de novo actin polymerization and enhances secretion in cells with stabilized actin cortex. Cells were pretreated as above with 2 M unlabeled phalloidin with or without V14RhoA (8 g/ml) and then exposed to 3 mM EGTA plus 3 mM ATP or to calcium (pCa 5) plus 3 mM ATP (20 min at 30°C). Cells were then postlabeled with 0.5 M RP and fixed. Secretion and F-actin were determined as above. Secretion from the cells with stabilized actin was the same as that from control cells (not pretreated with phalloidin). V14RhoA for 2 min (ϩY/ϩRho). Cells were then triggered with calcium (pCa 5) plus 3 mM ATP for 20 min at 30°C, keeping the concentrations of added agents constant. Supernatant aliquots were taken for determination of released hexosaminidase (A), and cells were analyzed by flow cytometry for relative F-actin content (B). Basal cells (exposed to 3 mM EGTA plus 3 mM ATP) released 4% hexosaminidase, and their F-actin content was taken as 100%. The Y-compound, C3, and V14RhoA had no effect on secretion or total F-actin content of basal cells (i.e. in 3 mM EGTA plus 3 mM MgATP, not shown). **, p ϭ 0.0002 (extremely significant).
GTP␥S/EGTA also induces two cytoskeletal effects: de novo actin polymerization and cortical F-actin disassembly (4, 13) . The former effect is completely inhibited by C3. Moreover, V14RhoA mimics this effect, inducing actin polymerization independently of calcium (Figs. 3E and 4A ). Cytochalasin inhibits this localized increase in F-actin without affecting secretion (23) . Although there is a clear correlation between actin polymerization and secretion, their control by Rho appears to proceed via two divergent signaling pathways. Since most of the soluble monomeric actin leaks out from the permeabilized cells, Rho seems to control recruitment of actin from a membrane-bound pool of actin monomers. Our evidence for the Rho-induced polymerization of actin contrasts with that of Machesky and Hall (24) . These authors concluded that Rho bundles actin filaments but does not induce polymerization; monomeric Cy3-labeled actin, microinjected into Swiss 3T3 fibroblasts, was incorporated into lamellipodia, induced by activation of Rac, but not into stress fibers formed after Rho activation. This discrepancy could be explained by the existence of the suggested membrane-bound pool of monomeric actin from which Rho recruits monomers and in which Cy3-actin would not be included.
GTP␥S/EGTA-induced cortical F-actin disassembly is not significantly affected by C3 and thus seems to be independent of Rho activity. V14RhoA/EGTA does not induce F-actin loss (Figs. 3E and 4A ). This effect of GTP␥S can be mimicked by AlF 4 Ϫ , an activator of heterotrimeric G-proteins (13) . Our preliminary results indicate that GTP␥S/EGTA induces cortical F-actin disassembly via a G i protein; the loss of F-actin is inhibited by pertussis toxin. Calcium-dependent Effects of Rho on Secretion-Calcium/ ATP-induced secretion is strongly inhibited by C3 transferase, implicating Rho in this response (4) . While in the absence of calcium, V14RhoA was unable to mimic the effects of GTP␥S on secretion, it had a strong secretion-enhancing effect in its presence (Figs. 1, 2D , 5, and 6A). V14RhoA reduced the requirements of permeabilized cells for calcium (Fig. 1B) and abolished the delay in the onset of calcium-induced secretion. The ratelimiting step of calcium-induced secretion may therefore be a calcium-induced activation of the endogenous Rho. This could occur via calcium-sensitive Rho-GTPase-activating proteins (such as IQGAP (25, 26) or class IX myosins (27) ) or via calcium-sensitive guanine nucleotide exchange factors (such as Vav (28) or those similar to guanine nucleotide-releasing factor for Ras, Ras-GRF (29)) (see X in the model, Fig. 7) . Alternatively, calcium and ATP could work together to maintain GTP levels by transphosphorylating the endogenous GDP (as discussed in Ref. 20) and also included under X in the model, Fig. 7 ). Another explanation of the synergy with or the dependence upon calcium could be the existence of parallel signaling pathways from Rho and calcium that converge and act on a common target (see Y in the model, Fig. 7) .
Calcium-dependent Effects of Rho on Cortical F-actin Disassembly-In addition to controlling secretion and actin polymerization, Rho was found to have an additional role, that of promoting cortical F-actin disassembly. This role became apparent only in the presence of calcium: C3 transferase inhibited and V14RhoA promoted calcium-induced F-actin loss. The control of F-actin disassembly by Rho is, however, only partial. At 1 g/ml, C3 inhibited secretion by ϳ80%, while the disassembly was inhibited by only 20%. Another, Rho-independent, pathway to calcium-induced cortical F-actin disassembly must therefore exist. Our recent data point to the MLCK pathway: calcium-induced F-actin loss is greatly promoted by exogenous calmodulin and strongly inhibited by 1) calmodulin antagonists; 2) ML-7, a specific inhibitor of MLCK; and 3) 2,3-butanedione 2-monoxime, an uncompetitive, low affinity inhibitor of myosin MgATPase). 2 Rho and calmodulin seem to act independently of each other, since the calmodulin effect on cortical disassembly was still apparent in the presence of C3 transferase ( Fig. 2A) . Moreover, V14RhoA could induce a small but significant decrease in F-actin content in calmodulin-depleted cells (Fig. 2C) .
Rho and calcium/calmodulin may control cortical actin disassembly by pathways that converge on myosin II light chain (see the model, Fig. 7) . One of the targets of Rho, the Rhoassociated protein kinase p160 ROCK , is involved in the control of myosin II light chain phosphorylation. This kinase phosphorylates the myosin-binding subunit of myosin light chain phosphatase, decreasing its activity (21) . In addition, the myosinbinding subunit of MLC phosphatase binds to Rho directly (21) . A further level of complexity is added by the finding that Rho kinase also phosphorylates MLC on Ser-19, the same site as that phosphorylated by MLCK (30) . Compound Y-27632, a specific p160
ROCK inhibitor (22) , had a negligible effect on calciuminduced F-actin disassembly but significantly reduced its enhancement by V14RhoA (Fig. 6B) . This suggests that p160 Rho is activated by a calcium-sensitive protein X, also in a calmodulin-independent manner. Protein X may be the calcium-binding protein, C e , previously postulated to activate a GTPase required for exocytosis, G e (35) . Calcium may also activate Y independently of Rho, but in a synergistic manner. Both calmodulin/MLCK and Rho/Rho kinase induce actomyosin II-based contractility, which is crucial for disassembly of the actin cortex but not for secretion. Disassembly of the contracting cortex is aided by calcium-dependent activation of filamentsevering proteins (14) and inhibition of filament-cross-linkers (36) . In addition, Rho and Rac (independently of secretion) promote an increase in F-actin within the cell interior: Rho by inducing de novo actin polymerization and Rac by retaining the disassembling cortical filaments (13) .
of Rho may also be involved. Taken together, our data indicate that cortical F-actin disassembly is dependent on actomyosinbased contractility. Both calmodulin and Rho may induce an increase in MLC phosphorylation, leading to an increase in myosin activity and contractility. Calmodulin/MLCK-dependent, rather than Rho-dependent process, however, constitutes the major pathway to F-actin disassembly (see Fig. 7) .
Relevance of the Cortical F-actin Disassembly to SecretionThe relevance of the cortical F-actin disassembly to secretion is still somewhat controversial. Prevention of F-actin disassembly by phalloidin does not affect either the secretion or secretionenhancing effects of Rho (Fig. 5B) . Moreover, agents other than phalloidin (e.g. inhibitors of calmodulin and MLCK) also stabilize cortical filaments without affecting secretion (Fig. 2D) . 2 F-actin disassembly itself is not sufficient for secretion to occur: it is induced by calcium/ATP in both secreting and nonsecreting cell populations. An additional (presumably Rho/Rac-dependent) signal must, therefore, be necessary to initiate exocytosis. Thus, our results support a model with divergent signaling pathways to the cytoskeleton and to the late steps of exocytosis (23) . It is conceivable, however, that a great part of the observed cytoskeletal changes is physiologically relevant for responses of intact cells exposed to concentration gradients of stimuli: under such conditions, cell polarization and motility may play a crucial role before exocytosis is initiated. Moreover, stabilization of F-actin by jasplakinolide, a cell-permeant actinspecific agent (31), inhibits secretion in intact, but not in permeabilized, cells. 4 This suggests actin involvement in the receptor activation-secretion coupling.
In permeabilized cells, manipulation of the actin cytoskeleton by actin-binding proteins such as thymosin (32) or scinderin (33) induces changes in secretory responses. In mast cells, late steps of exocytosis were affected as a consequence of filament severing by gelsolin (14) . Whether this effect is related to the finding that gelsolin is a downstream effector of Rac (34) remains to be established. Different specific pools of actin may be involved, controlling distinct steps of exocytosis. For example, a pool of filaments, closely associated with the plasma membrane and severed by exogenous gelsolin, may constitute a barrier to secretion. In contrast, those filaments that are more peripheral to the plasma membrane and undergo disassembly as a consequence of contraction do not appear to interfere with secretion. Our results are compatible with a model in which myosin-based contractility, activated by Rho and/or calcium/ calmodulin, is required for the cortical F-actin disassembly, but this type of disassembly is not required for the late steps of exocytosis. Fig. 7 summarizes the evidence and shows our current model.
